We perform a systematic study of the possible molecular states composed of a pair of heavy mesons such as DD, D * D , D * D * in the framework of the meson exchange model. The exchanged mesons include the pseudoscalar, scalar and vector mesons. Through our investigation, we find that (1) the structure X(3764) is not a molecular state; (2) There exists strong attraction in the range r < 1 fm for the D * D * system with J = 0, 1. If future experiments confirm Z + (4051) as a loosely bound molecular state, its quantum number is probably J P = 0 + . Its partner state Φ * * 0 may be searched for in the π 0 χc1 channel; (3) The vector meson exchange provides strong attraction in the D * D channel together with the pion exchange. A bound state solution exists with a reasonable cutoff parameter Λ ∼ 1.4 GeV. X(3872) may be accommodated as a molecular state dynamically although drawing a very definite conclusion needs further investigation; (4) The B * B molecular state exists.
We perform a systematic study of the possible molecular states composed of a pair of heavy mesons such as DD, D * D , D * D * in the framework of the meson exchange model. The exchanged mesons include the pseudoscalar, scalar and vector mesons. Through our investigation, we find that (1) the structure X(3764) is not a molecular state; (2) There exists strong attraction in the range r < 1 fm for the D * D * system with J = 0, 1. If future experiments confirm Z + (4051) as a loosely bound molecular state, its quantum number is probably J P = 0 + . Its partner state Φ * * 0 may be searched for in the π 0 χc1 channel; (3) The vector meson exchange provides strong attraction in the D * D channel together with the pion exchange. A bound state solution exists with a reasonable cutoff parameter Λ ∼ 1.4 GeV. X(3872) may be accommodated as a molecular state dynamically although drawing a very definite conclusion needs further investigation; (4) The B * B molecular state exists. Recently the BES Collaboration reported an anomalous line-shape observed in the range of 3.650 GeV to 3.872 GeV by analyzing the cross section of e + e − → hadrons. The anomalous line-shape is composed of two possible enhancement structures around 3.764 GeV and 3.779 GeV respectively [3] . The later one is consistent with the wellestablished ψ(3770) while the mechanism of the first structure is not clear now, which is denoted as X(3764) in this work.
In the past five years, a series of observations of the charmonium-like X, Y, Z states, especially those states near the threshold of two charmed mesons have stimulated the interest in the possible existence of heavy molecular states greatly. The presence of the heavy quarks lowers the kinetic energy while the interaction between two light quarks could still provide strong enough attraction.
In fact, Voloshin and Okun studied the interaction between a pair of charmed mesons and proposed the possibilities of the molecular states involving charmed quarks more than thirty years ago [4] . De Rujula, Geogi and Glashow speculated ψ(4040) as a D * D * molecular state [5] . Törnqvist studied the possible deuteron-like two-meson bound states such as DD * and D * D * using the quark-pion interaction model [6] . Dubynskiy and Voloshin suggested the possibility of the existence of a new resonance at the D * D * threshold [7, 8] . Zhang, Chiang, Shen and Zou studied the possible S-wave bound states of two pseudoscalar mesons with the vector meson exchange in Ref. [9] . The experimental observation of X(3872) and Z + (4430) motivated the extensive discussion of X(3872) as a DD * molecular state [10, 11, 12, 13, 14, 15, 16, 17, 18] [19, 20, 21, 22 ]. It's interesting to note that the Z + (4051) enhancement announced by the Belle collaboration and the X(3764) signal reported by the BES collaboration are near the thresholds of D * D * and DD respectively. One may wonder whether they could also be candidates of heavy molecular states. In this work we perform a systematic study of three types of possible heavy molecular states: the DD/BB system (P-P), the D * D * /B * B * system (V-V), and the D * D /B * B system (P-V) using the formalism developed in Ref. [15, 21, 22] .
This paper is organized as follows. After the introduction, we introduce some notations and present the flavor wave functions of the S-wave P-P, V-V and P-V systems constructed by two heavy flavor mesons. In Sec. III, we collect the effective Lagrangians in the derivation of the effective potential. Sections IV-VI are for the P-P, V-V, P-V cases respectively. The last section is the discussion and conclusion.
II. FLAVOR WAVE FUNCTIONS OF HEAVY MOLECULAR STATES
We study the possible molecular states composed of two pseudoscalar (P-P) heavy mesons, two vector (V-V) heavy mesons, one pseudoscalar and one vector (P-V) heavy mesons. The masses of the J P = 0 − , 1 − heavy mesons are taken from PDG [23] and collected in Table I . The P-P type is categorized as two systems, i. 
is an isoscalar while Φ 0 is an isovector.
The above states are shown in Fig. 1 and collected in Table II together with theB − B type states. The flavor wave functions of the D * D * and B * B * systems are constructed similarly, which are denoted as Φ * * and Ω * * respectively.
The molecular multiplets composed of charmed and anit-charmed mesons.
We label the D −D * and B −B * systems as Φ * and Ω * respectively and list their flavor wave function in Table  III . Here we need distinguish the C parity for Φ * 0 , Φ * 0 8 and Φ * 0 s1 in the D −D * system and Ω * 0 , Ω * 0 8 and Ω * 0 s1 in the B −B * system. The parameter c = ∓1 corresponds to C = ±1 respectively as pointed out in Ref. [15, 21] . In this work we label those states with the negative charge parity with a hat such asΦ * 0 ,Φ * 0
. The charge parity of X(3872) is positive. 
III. THE EFFECTIVE LAGRANGIAN IN THE DERIVATION OF THE POTENTIAL
In the derivation of the potential, we need the the effective Lagrangians, which are constructed based on the chiral symmetry and heavy quark symmetry: [25, 26, 27] 
where the field H is defined in terms of the (0
A µ ab is the axial vector field with definition
with ξ = exp(iP/f π ) and f π = 132 MeV. The octet pseudoscalar and nonet vector meson matrices are
The effective interaction Lagrangians at the tree level from Eq. (1) are
where
). The relevant coupling constants are
where g V , β and λ are parameters in the effective chiral Lagrangian that describe the interaction of heavy mesons with light vector mesons [26] . Following Ref. [28] , we take g = 0.59, β = 0.9 and λ = 0.56 GeV −1 . g π = 3.73 [27] . In this work, we adopt the same formalism developed in Refs. [15, 21, 22 ] to derive the effective potential. We compute the amplitudes of the elastic scattering of two heavy mesons using the above effective Lagrangians. In order to account for the structure effect of every interaction vertex, we introduce the monopole type form factor (FF) [6, 24] 
Here Λ is the phenomenological parameter around 1 GeV, and q denotes the four-momentum of the exchanged meson. The FF also plays the role of regularizing the potential by imposing a short-distance cutoff to cure the singularity of the effective potential. Then we impose the constraint that the initial states and final states should have the same angular momentum. After averaging the potentials obtained with the Breit approximation in the momentum space, we finally perform Fourier transformation to derive the potentials in the coordinate space. In the following sections, we illustrate the effective potentials in detail for the P-P, V-V and P-V systems.
IV. THE D −D CASE
A. The potential of the P-P system
The quantum number of the S-wave D −D system is J P = 0 + and the C parity of the neutral states is positive. 
where m D and m V denote the masses of charmed meson and exchanged vector meson respectively. I arise from the coefficients related to the exchanged meson, which can be read from the nonet vector meson matrix in Eq. (5). After making the Fourier transformation, the three independent structures in Eqs. (8)- (9) read as
1
We have adopted the monopole FF in Eq. (7) to regularize the potential in Eqs. (8)- (9). Now the effective potentials in the coordinate space read
The exchange potential for Φ ± in coordinate space is
The symbol "≈" means the SU (2) symmetry is assumed. For the Φ 0 and Φ 0 8 states, the exchange potentials are
Clearly the potential of Φ 0 is the same as that of Φ ± due to the SU(2) symmetry. The effective potential of Φ 0 s1 is
where only the φ meson exchange is allowed.
B. Numerical results for the P-P system
The input parameters include the coupling constants in Eq. (6), the masses of heavy mesons listed in Table I, The possible quantum numbers of the S-wave V-V system are J P = 1 + , 1 + , 2 + . The C parity is + for the neutral states. The exchanged mesons include the pseudoscalar, vector and σ mesons. The exchange potential reads for the pseudoscalar meson exchange and for the vector meson exchange. For the σ exchange,
where ǫ i is the polarization vector, and c.t.s denotes the cross-terms, i.e. −(
. When considering the different systems with J P = 0 + , 1 + , 2 + , we impose the constraint on the scattering amplitudes that the initial states and final states should have the same angular momentum. Then we average the potential in the momentum space, i.e., making the substitutions q 2 x,y,z → q 2 /3. The coefficients of A(J), B(J) and C(J) are listed into Table VII . After Fourier transformation, we get the potentials in the coordinate space
The total effective potentials for the Φ * * ± s and Φ
where only the η meson exchange is allowed. Considering the SU(2) symmetry, one further gets
For the Φ * * 0 s1 state, the potential is
For Φ * * ± , the exchange potential reads
The potential for the Φ * * 0 (Φ * * 0
where ∓ corresponds to Φ * * 0 (Φ * * 0 8 ) respectively. As a cross-check, the potential for Φ * * 0 is the same as that for Φ * * ± from the SU (2) Table VII .
B. Numerical results for the V-V system
The quantum numbers of the S-wave V-V system are J P = 0 + , 1 + , 2 + . The variation of the oscillating effective potential of Φ * * ± s (Φ * * 0 s ,Φ * * 0 s ) with r is shown in Fig. 4 , where only the η meson exchange is allowed. The effective potentials of Φ * ± (Φ * 0 ) and Φ * * 0 8
with J P = 0 + , 1 + , 2 + are presented in Fig. 5-6 , where the exchanged mesons include π, η, ρ, ω and σ. For Φ * * 0 s1 , its effective potential is shown in Fig. 7 , where both the η and φ meson exchange is allowed. With the above effective potentials, we solve the Schrödinger equation to find the bound state solutions for the V-V system. Numerical results are collected in Table VIII . For the D * − D * states with J P = 0 + , 1 + , a bound state exists only for Λ much larger than 1 GeV. Especially for Φ * * ± s (Φ * * 0 s ,Φ * * 0 s ) and Φ * * ± (Φ * * 0 ) with J P = 1 + , the existence of a bound state requires the values of Λ be larger than 8 GeV. For Φ * * ± s (Φ * * 0 s ,Φ * * 0 s ) and Φ * * ± (Φ * * 0 ) with J P = 2 + , no bound states exists for Λ < 10 GeV. The cutoff parameter Λ is a typical hadronic scale, which is generally expected to be around 1 ∼ 2 GeV. If Λ is much larger than 2 GeV or much smaller than 1 GeV in order to form a bound state, we tend to conclude that there does not exist a heavy molecular state for these systems. We find bound state solutions for Φ * * 0 8
and Φ * * 0 s1 with J P = 0 + , 1 + , 2 + . In Table VIII , we also give the numerical results for the B * −B * system. There do not exist molecular states Ω * * ± s
(Ω * * 0 s ,Ω * * 0 s ) and Ω * * ± (Ω * * 0 ) with J P = 2 + since we can not find bound state solutions for Λ = 0 ∼ 10 GeV. Different from the D * −D * system, there exist possible molecular states Ω * * ± s
(Ω * * 0 s ,Ω * * 0 s ) with J P = 0 + , 1 + with more reasonable Λ close to 1 GeV. We also find the bound state solutions for Ω * * 0 8
and Ω * * 0 s1 . The reason is simple. The larger the reduced mass for B * −B * , the lower the kinetic energy, the easier to form a molecular state. With Φ * * s as an example, we illustrate the dependence of E on Λ in Fig. 8 . When all coupling constants are enlarged by a factor of two, the numerical results are collected in Table IX . When all coupling constants are reduced by a factor of two, the results are collected in Table X. 
VI. THE D * −D CASE
A. The potential of the P-V system Fig. 9 shows the the general scattering channels in the derivation of the exchange potential. Different from the P-P and V-V systems, we need consider two additional crossed scattering diagrams for the P-V system, i.e. Fig. 9 (b) and (c). In terms of the effective Lagrangian in Sec. III, the σ meson exchange potential in the momentum space is [31] The pseudoscalar meson exchange potential reads [15] V P (q) I
For the vector meson exchange, there exist two types of potentials from the direct and crossed scattering channels:
where ζ V = m 2 V − q 2 0 . One notes that m V is larger than q 0 for the P-V case. After Fourier transformation, we obtain the effective potentials in the coordinate space
Here
with β = Λ 2 − m 2 π and α = Λ 2 − q 2 0 . The total effective potentials of Φ * ±
For Φ * ± /Φ * ± , the total effective potential reads
For Φ * 0 /Φ * 0 , Φ * 0 s1 /Φ * 0 s1 and Φ * 0
V(r)
The parameter c is ∓1 for the P-V systems with the positive and negative charge parity respectively. As expected, the potential of Φ * 0 andΦ * ± are the same as that of Φ * ± andΦ * 0 respectively.
B. Numerical results for the P-V system
We show the variation of the potential with r in Fig. 10 . The total effective potential forΦ * ± (Φ * 0 ) and Φ * 0 Table XII when all coupling constants are increased by a factor of two. When all the coupling constants are reduced by a factor of two, the results are shown in Table XIII .
VII. DISCUSSION AND CONCLUSION
We have systematically studied the P-P, V-V and P-V systems, which is composed of a pair of heavy meson and anti-meson. We summarize our numerical results from Secs. IV-VI in Tables XIV, XV and XVI. We use the symbols ' ' and ' ' to indicate whether a molecular state exists or not with the coupling constants in Section III. In the following two cases, we tend to label the system with the symbol ' ': (1) there does not exist a bound state at all because of the repulsive potential; (2) a bound state solution exists only with either Λ > 3 GeV or Λ < 0.5 GeV. If a bound state exists when 0.5 < Λ < 0.9 GeV or 2.0 < Λ < 3.0 GeV, we mark this state with ' ?'. In this case the result is so sensitive to the cutoff parameter that we can not draw a definite conclusion. Only when a loosely molecular state exists with 0.9 < Λ < 2.0 GeV, we tend to label the state with the symbol ' '. We want to emphasize the above criteria may be biased due to the authors' personal judgement. The readers are encouraged to consult the numerical results in Sections IV-VI and draw their own conclusions. It's interesting to compare our results with those near-threshold structures observed recently. The charged broad structure Z + (4051) was observed by Belle in the π + χ c1 . Its central mass value is slightly above the D * D * threshold. First we want to emphasize that there exists strong attraction in the range r < 1 fm for the D * D * system with J = 0, 1 as can be seen clearly from the shape of the total effective potential in Fig. 5 (a)-(b) .
If this enhancement is a molecular state, the potential candidate of Z + (4051) is the Φ * * + state with isospin I = 1. Our numerical results indicate that there exists a bound state solution (1) for Φ * * + with J P = 0 + and Λ ∼ 4 GeV; (2) for Φ * * + with J P = 1 + and Λ ∼ 10 GeV. Unfortunately such a cutoff seems too large according to our criteria.
If future experiments confirm Z + (4051) as a loosely bound molecular state, its quantum number is very probably J P = 0 + , which can be measured experimentally through the angular momentum distribution of π + χ c1 . Since Φ * * + belongs to an isospin triplet, its neutral partner state Φ * * 0 may be searched in the π 0 χ c1 channel.
X(3872)
In our previous work [15] , we explored the D 0D * 0 molecular state by considering the π and σ meson exchange potentials only. Our numerical results showed that it is impossible to form a D 0D * 0 molecular state with the coupling constants determined by experiment and a reasonable cutoff around 1 GeV [15] . Unfortunately we missed a minus sign in the sigma meson exchange potential, although its contribution is not large. Moreover we didn't take into account the charged modes.
In this work, we consider both the neutral and charged modes and include the exchange force from the π, η, σ, ρ and ω mesons. The resulting total effective potential is attractive as shown in Fig. 10 (f) . The vector meson exchange especially the rho meson exchange provides the additional strong attraction. The Φ * 0 8 state corresponds the X(3872). Recall that the sigma meson exchange force is weak and the pion meson exchange alone does not bind the D * D into a molecular state with a physical pionic coupling constant and a reasonable cutoff [15] . In fact a bound state appears only with Λ ∼ 6 GeV there. With the additional strong attraction from the vector meson exchange, our present numerical analysis shows that a molecular state exists with Λ ∼ 0.55 GeV. If we arbitrarily increase all the coupling constants by a factor of two, there exists a molecular state with a slightly more reasonable Λ ∼ 0.75 GeV. If we reduce all the coupling constants by a factor two, there appears a bound state with Λ ∼ 0.45 GeV. Such a cutoff value is below 1 GeV and smaller than the exchanged vector meson mass.
The pionic coupling constant of the D * D system was extracted from the decay width of the D * meson experimentally. Its value is known quite reliably. In contrast, the vector coupling constant was estimated using the vector dominance model in Ref. [28] , which may be overestimated according to a recent light cone QCD sum rule analysis [30] . If we fix the pionic and scalar coupling constants but reduce the vector coupling by a factor of two only, there exists a very reasonable bound state solution with E = −1.75 GeV and Λ = 1.4GeV as shown in Table XVII . Now the value of its root-mean-square radius reaches 3.53 fm! In other words, such a molecular state is bound very loosely. In short summary, X(3872) may be accommodated as a molecular state dynamically, although drawing a very definite conclusion is very difficult especially when other available experimental information is taken into account. In our calculation, we assumed the SU(2) symmetry and ignored the mass difference between the charged and neutral mesons. Moreover we ignored the possible S-D mixing effect completely since we impose the S-wave condition in the derivation of the potential. These approximations together with the sensitivity of the numerical results to the cutoff parameter should be considered in the future investigation. The broad structure X(3764) is close to the DD threshold and was observed in e + e − → hadrons process. Its quantum number is J P = 1 −− . In the present case, we need consider the P-wave Φ 0 8 by adding the centrifugal potential ℓ(1 + ℓ)/(2µr 2 ) with ℓ = 1 into the potential in Eq. (19) . Here µ is the reduced mass of the system. In 
